Joint Angle γ[º] Proportion "larger displacement" Figure S1 : Experiment 1, raw data and GLMM predictions in the Large Condition (light gray) and in the Small Condition (black). Related to Figure 3 . Each box represents raw data and model predictions for each single participant (labeled as S01-S11). In addition to the difference in PSE (main text), the precision of the response is significantly different between the two conditions (Likelihood Ratio Test, p < 0.001). The precision-summarized by the slope parameter β 1 in Supplemental Equation (S1)-is significantly higher in the Small than in the Large Condition. Joint Angle γ°P roportion larger displacement Figure S2 : Experiment 2a, raw data and GLMM predictions in the Soft Condition (light gray) and in the Stiff Condition (black). Related to Figure 3 . Each box represents raw data and model predictions for each single participant (labeled as P01-P11). Consistently with Experiment 1, the precision of the response is significantly higher in the Stiff than in the Soft Condition (Likelihood Ratio Test, p < 0.001). The PSE is non significantly different between the two conditions. The observer inverted the function to produce the contact area based estimate,γ A . For the sake of space the inverted function is showed for the small condition only. The current estimate,γ A (dark gray, blank dot), deviated from its reference value,γ 0 A (dark gray, filled dot), due to the difference in compliance between the reference (dark gray) and comparison stimulus (black). The erroneous assumption that the compliance did not change between reference and comparison, α 0 =α, generated the bias. The black dot is the real displacement in the comparison stimulus.
Supplemental Experimental Procedures Participants
Eleven healthy volunteers participated in Experiment 1 (5 females and 6 males, age: 26 ± 4, Mean ± Std. Dev.). Eleven healthy volunteers participated in Experiment 2a (6 females and 5 males, age: 24 ± 4). Eleven healthy volunteers participated in Experiment 2b (4 females and 7 males, age: 25 ± 6). Fifteen healthy volunteers participated in Experiment 3 (7 females and 8 males, age: 25 ± 7). The testing procedures were approved by the Ethical Committee of the University of Pisa, in accordance with the guidelines of the Declaration of Helsinki for research involving human subjects. Informed written consent was obtained from all participants involved in the study.
Experimental Apparatus
The apparatus showed in Figure 2 controlled independently the angular displacement of the finger and the area of contact between the finger pad and an elastic fabric surface (Superbiflex HN, Mectex S.P.A, Erba, Como, Italy). We set the compliance of the fabric surface, and therefore the rate of change of the area of contact, by means of the FYD-2 softness display [S1, S2] .
The FYD-2 controlled the compliance of the fabric by changing its stretching state. The extremities of the fabric (100 mm x 70 mm) were connected to two rollers independently actuated by two DC motors (Maxon Motor REmax; 256:1, 3 Watt by Maxon Motor ag, Sachseln, Switzerland). A custom made electronic board (PSoC based electronic board with RS-485 communication protocol) controlled the motor positions on the basis of the readings of two absolute magnetic encoders (12 bit magnetic encoder by Austria Microsystems-Unterpremstaetten, Austria, with a resolution of 0.0875 • ). The motors were rotated so as to stretch or release the fabric, thus changing its compliance. For a medium range indentation ranging from 0 to 15 mm, the compliance could be approximated reasonably well with a linear function (R 2 ranging from 0.71 to 0.85). The linear compliance was equal to 3.71 and 1.11 mm N −1 in the Large and Small comparison stimuli, and 1.70 mm N −1 in the reference. FYD-2 was equipped with a web camera (Microsoft LifeCam HD-3000 with a resolution of 640 x 480 at 30 fps), with vertical focal axis, and two high luminosity Light Emission Diodes (LEDs). The camera images have been processed with a segmentation algorithm and used to estimate the contact area. A load cell (Micro Load Cell, 0 to 780 g, CZL616C from Phidgets, Calgary, AB-Canada) placed at the base of the device recorded the normal force produced by the finger.
A linear actuator (Firgelli L16, Victoria, BC Canada), subsequently named the lift, displaced the FYD-2 and the contacting finger upward and downward. The motion speed of the lift was approximately equal to 8 mm s −1 . A hand-and-finger holder constrained the movement of the finger, so that the motion of the lift resulted solely in the flexo-extension of the metacarpophalangeal joint (MCP joint). The finger-holder was equipped with an absolute magnetic encoders (12 bit magnetic encoder by Austria MicrosystemsUnterpremstaetten, Austria, with a resolution of 0.0875 • ) reading the angle of the MCP joint. In each stimulus, the lift stopped when the joint angle (labeled as γ in Figure 2 ) reached the target value. The signal reading and the control phase were performed using a custom made electronic board (PSoC-based electronic board with RS485 communication protocol). A rotational spring with an elastic constant of 0.3 N/ • connected the finger-holder and the frame of the structure (zoom in Figure 2A ). The spring produced a linear increase of the normal force exerted by the finger on the surface through the lifting phase of the stimulus. Hence, the normal force depended only on the angular displacement of the finger and not on the compliance of the elastic surface. Because of the linear spring, the motion onset of the finger occurred when the normal force exceeded a threshold value of approximately 2.5 N.
Stimuli and Procedures
Experiment 1 Participants were blindfolded and sat on an office chair, placing the right arm on an arm rest in front of the apparatus. Headphones playing pink noise prevented the noise generated by the apparatus to be used as a cue. Each trial consisted of a reference and a comparison stimulus randomly presented in two sequential intervals. In each interval, the elastic surface of the apparatus was lifted to contact the participants' index finger and to passively move it up and down ( Figure 2 ). Participants reported in which of the two intervals the extent of the angular displacement of the finger (i.e., the angle γ in Figure 2B ) was larger. The rotation of the finger joint was equal to 12 • in the reference stimulus, and it varied pseudo-randomly between 5 possible values in the comparison (range: 4 • -20 • ). The elastic surface was not in contact with the finger pad before the stimulus onset. In each stimulus interval and before the surface contacted the finger, we set its compliance by means of the FYD-2 display. In two experimental conditions, the elastic surface was either more compliant or less compliant in the comparison than in the reference stimulus. Therefore, the area of contact with the finger pad was either larger (Large Condition) or smaller (Small Condition) in the comparison than in the reference stimulus. The Large and the Small Conditions were tested in two different experimental blocks, each experimental block consisting of 100 trials. The order of the two blocks was counterbalanced across participants.
Experiment 2a
The apparatus and the task were similar as in Experiment 1. Participants wore a rigid thimble on the pad of the right index finger contacting the device. Hence, the more-and the less-compliant conditions differed in terms of finger kinematics, motion duration, and load of the subcutaneous tissue (and possibly other cues such as motor vibrations), but not in terms of change in contact area. We ran a short test prior to the experiment to ensure that participants felt the contact with the fabric through the thimble before the finger motion onset. We lifted the fabric to produce a force of 1.6 N on the covered finger and asked the participants whether they felt the contact with the fabric. This value is below the force threshold of the linear spring (see Experimental Apparatus) and we verified with the encoder that the finger was not moving during this test. All participants reported to reliably feel the contact with the fabric in the three compliance conditions.
Experiment 2b
The apparatus and the task were similar as in Experiment 1. This time, the fingertip was directly in contact with a rigid and flat platform mounted on the linear actuator (i.e., without the FYD-2). Each trial consisted of a reference and a comparison stimulus randomly presented in two sequential intervals. In each interval, the rigid platform was lifted to contact the participant's index finger and to passively move it up and down. Participants reported in which of the two intervals the extent of the angular displacement of the finger was larger. The experiment consisted of two conditions that differed in the way the comparison stimulus was delivered. In the No Delay Condition the rigid surface was lifted to contact the finger and to move it up and down without pausing. In Delay Condition, the apparatus paused 1 s after the first light touch with the finger (force threshold: 0.2 N) and then kept moving. In both conditions, in the reference interval the surface was raised continuously without pausing. These two conditions were tested in two different blocks; each one consisting of 100 trials. The order of the two blocks was counterbalanced across participants.
We estimated the PSE separately in the two conditions. If the delay in the motion onset significantly affected the perceived displacement of the finger, the value of the PSE should be significantly lower in the Delay than in the No Delay Condition. However, the PSEs were not significantly different between these conditions (paired t-test; mean of the difference = 0.15 • , t 1 0 = 0.35; p = 0.73). Likewise, the 95% CI of the difference in PSEs included zero (95% CI ranging from −0.7 • to 0.4 • ). We analyzed the PSEs of Experiment 1 and 2b simultaneously, using a 2x2 nested ANOVA with factor "experiment" (1 Vs 2b) and "stimulus type" (large/delay vs small/no delay). The interaction between the two factors was highly significant (F 1 = 14.99, p = 0.002) confirming the different effect of "stimulus type" between the two experiments.
Experiment 3
The experiment consisted of a compliance discrimination task. The apparatus was similar as in Experiment 1. This time, the participants' index finger was immobilized. Each trial consisted of a reference and a comparison stimulus randomly presented in two sequential intervals. In each stimulus interval the lift moved the elastic surface to contact the participants' finger pad. The lift stopped when the target normal force (5 N) was reached, paused 1 s and then moved back to the starting position. Participants reported in which of the two intervals the compliance of the surface was higher. The compliance was equal to 1.70 mm N −1 in the reference stimulus and and it varied pseudo-randomly between 5 possible values ranging from 3.8 mm N −1 to 1.1mm N −1 in the comparison. The difference in contact area between the comparison and the reference stimulus was approximately equal to 3.0 mm 2 and -1.0 mm 2 for the most and the least compliant stimulus, respectively. Each experiment consisted of 100 trials.
Descriptive Model
In Experiment 1-3, we modeled the responses of each single participant using the psychometric function in Equation (S1). The model relates the response probability to the extent of the finger movement (Experiment 1-2) or to the physical compliance (Experiment 3). In Experiment 1-2, each psychometric function had the form,
where P(Y j = 1) is the probability that, in trial j, the participant reported a larger joint movement in the comparison than in the reference stimulus, Φ −1 [·] is the probit transformation of the response probability (i.e., the inverse function of the cumulative normal distribution), and γ j is the measured rotation of the joint angle in the comparison stimulus. We applied a similar model in Experiment 3, the predictor variable being the physical compliance of the surface. From each psychometric function we computed the point of subjective equality (PSE), corresponding to the stimulus value yielding a response probability of 0.5, as a measurement of the perceptual bias. In Experiment 1-2 we tested the difference in PSE between conditions using the paired t-test.
In each experiment, we confirmed the results of the t-test using a Generalized Linear Mixed Model (GLMM), a hierarchical model extending the psychometric function to the group analysis [S3] . The GLMM provides both predictions on the experimental effects, which are assumed to be systematic across participants, and an estimate of the variability between participants. The GLMM fit to Experiment 1 and 2a are provided in Figures S1 and S2 . In each experimental condition, we estimated the PSE and the 95% confidence interval using the bootstrap method described in [S3] .
Explanatory Model
Here we provide a model illustrating how the change of the contact area between the digit pad and an external object can be used by the perceptual system in order to obtain more precise estimate of the finger displacement.
The contact area A can be related to the joint angle γ through a function that describes all possible haptic events-subsequently named the plenhaptic function [S4] . When an external object is stationary and interaction admits no hysteresis, the plenhaptic function has the following specific form:
This relationship is parametrized by a vector of unknown parameters α, which depends on the physics of the interaction (compliance of the pad and of an external object) and determine the precise shape of the dependency between A and γ ( Figure S3 A) . Equation (S2) accounts for the calibration phase, where the perceptual system can learn the values of α characteristic of each different surface (i.e., of each different compliance). Given an estimateα of the parameters α the perceptual system can compute its inverse ( Figure S3 B)
We assume that this estimateα does not change during the entire experiment. Indeed, it is not unreasonable to assume that the perceptual system takes the compliance of the same object as constant unless demonstrated otherwise. For example, this assumption was shown to be true in vision, where the constancy assumptions plays a crucial role in depth judgment [S5] . Since in our study the true parameters α change nearly at every trial, it is unlikely that the perceptual system would be able to update the estimate for every condition used.
The estimateγ A derived from the plenhaptic function can be combined with the estimate of the finger jointγ p provided by the other proprioceptive cues in order to increase the precision of the fused estimate. We assume that the two estimates are combined linearly, which is consistent with a Bayesian fusion model [S5] :
whereγ p is the estimate deriving from proprioception,γ A the one derived from the contact area and w {p, A} is the weight term in each of the two estimates. We assumed thatγ p is an unbiased, yet noisy, estimate of γ and that the bias ofγ A , coming from imprecise estimate of α, can fully account for the experimentally observed bias.
Let us denote the true displacement of the finger in the reference stimulus as γ 0 = 12 • and the true values of the parameters for the reference compliance of the surface as α 0 . In order to make use of Equation (S3), the observer has to estimate the value of the compliance parameters,α, which, as it has been just said, we assume to be constant throughout the experiment. For simplicity we assumedα ≈ α 0 . Note that the actual value ofα cannot be determined from the data, nor it would influence the prediction of the bias, since the response of the observer is always referred to the deviation between reference and comparison.
Letγ 0 A denote the reference value of the contact area-based estimate, which is computed of the reference finger displacement and the true values of the parameters α;γ 0 A can be obtained by putting γ = γ 0 and α = α 0 in Equation (S3). The area-based estimate in the comparison,γ A , can deviate from its reference value,γ 0 A , either because of the different displacement of the finger γ = γ 0 + δγ, or because of change of the physical parameters α = α 0 + δα due to a difference in the compliance of fabric. It can be shown (see Difference model derivation) that for a sufficiently small δγ and δα the deviation of the area-based estimate δγ A =γ A −γ 0 A can be computed as:
where k = ∂ϕ(γ 0 , α 0 )/∂γ andk = ∂ϕ(γ 0 ,α)/∂γ are true and estimated local deformation rate of the surface; δ A 0 is the amount of change in the contact area due to the difference in compliance, for the actual displacement of the finger being equal to the reference one. We assumed in Equation (S4) thatγ p is an unbiased estimator of γ, therefore δγ p ≈ δγ. Rewriting Equation (S4) in deviations and substituting the Equation (S5) for δγ A we obtain
The PSE is the point where the reference and the test stimuli are perceived as equal, corresponding to δγ = 0. Since the estimateγ is unbiased whenever the parameters α are known precisely (α = α 0 ), this implies w p + w A = 1 (as in this caseγ A is also unbiased, see Equation (S4)). We also note that the term (1 − k/k)δγ is small as compared to the term (1/k)δ A 0 and thus the former can be neglected (see Estimation of the bias). We obtain the expression for the bias:
where δγ is equal to the difference between the PSE and the displacement in the reference stimulus.
Model predictions
The bias is proportional to the difference in contact area at γ = γ 0 , which is δ A 0 (Equation (S6)). From experimental data the parameters δ A 0 large = 3.1 ± 0.5 mm 2 , δ A 0 small = −1.2 ± 0.3 mm 2 . The model, thus, predicts negative bias for large condition and positive bias for small condition, which is consistent with the results of the Experiment 1, summarized in Figure 3 of the main text. Moreover, the model predicts that the absolute value of the bias must be larger in case of large condition, which is again consistent with the experimental data. Assuming that w A is the same in the large and small condition, the predicted ratio between the absolute values of the two biases in the model is equal to 2.6, which is rather close to the experimentally observed value of 1.9.
Knowing the experimental values of the biases, we can also determine the weight term w A . From the data we estimate the coefficient k = 0.09±0.2 mm 2 / • . Assumingk ≈ k (sinceα ≈ α 0 ), follows w A ≈ 0.03 for large estimate and w A ≈ 0.05 for small estimate.The estimated value of the coefficient is smaller in large condition, in which the discrepancy between the proprioceptive and contact area-based estimates is more pronounced. This tendency can be expected if the perceptual system put more confidence in proprioceptive estimate of the displacement when the discrepancy with the area-based estimate increases. Such behavior can, for instance, be ensured by a robust estimator, which reduces the weight of the contact area cue when its information comes into conflict with the proprioceptive cues. Such a robust estimator scheme has been successfully applied for depth perception in vision [S5] . A robust estimator would also account for the small difference between the predicted (2.6) and the observed (1.9) biases ratio.
In summary, the model showed that (i) in order to provide an estimate of the displacement in units of length, the contact area cue has to be promoted by specifying the unknown parameters, α, of the plenhaptic function; (ii) the fused estimate of the displacement is consistent with a weighted combination of the promoted contact area and the proprioceptive estimate and (iii) the weights may change for a large discrepancy of the two cues, which is consistent with a robust estimator. The model would account for the bias assuming that the estimate of α-characterizing the compliance of the surface-was fixed throughout the experiment. That is, if the observer assumed that the compliance of the surface was constant.
Difference model derivation Let us denote the reference finger displacement as γ 0 and the reference values of parameters α as α 0 , moreover, A 0 = ϕ(γ 0 , α 0 ) andγ 0 A = f ( A 0 ,α). Then
where we adopt the notation
where the brackets (·, ·) denote a scalar product. Here we make use of the fact that
In the experiments we compute the value of δ A 0 as
where ϕ(γ 0 , α 0 ) is the size of the contact area at the reference displacement and reference compliance, and ϕ(γ 0 , α) is the size of the contact area at the reference displacement and either Large or Small settings of the elastic surface.
Estimation of the bias
In the main text we neglect the term (1 − k/k) δγ when computing the expected bias. To understand why we do so, note first that we assume that the values of parametersα used by the perceptual system do not differ much from the values of the reference parameters α, and hencê k ≈ k ≈ 0.1 mm 2 / • (see the main text). The value of the bias δγ does not exceed 1.5 • . Assuming thatk differs from k by about 20% we can estimate the upper bound
The lower bound on 1 k δ A 0 is achieved for δ A 0 = δ A 0 small and
Evidently, the former term is negligible as compared to the latter and can thus be ignored in the computation of the bias.
